the concept of both a germline predisposition and a somatic event for the inactivation of tumor suppressors in cancer with the "2 hit hypothesis." 1 This theory applies to heritable cancer syndromes caused by mutations in tumor suppressors with high penetrance. The first hit is an inherited mutation (mutant allele) in the germline while the most simple second hit is somatic loss of the wild-type (normal) allele, leaving a single copy of the mutant allele (FIGURE 1). More commonly, the second hit is a combination of multiple and complex somatic events. 2 In contrast, most sporadic cancers are complex traits wherein the germline predisposition is likely related to several lowpenetrance genomic variants, present in either oncogenes or tumor suppressor genes.
While studying loss of heterozygosity/allelic imbalance (LOH/AI) in cancer tissues using microsatellite markers in germline and in corresponding tumors, [3] [4] [5] [6] [7] we anecdotally observed a low frequency of germline heterozygosity in cancer patients compared with controls (C. E., unpublished data, [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] , raising the question whether homozygosity could play a role in cancer predisposition. Further evidence suggesting a role of homozygosity in cancer is brought by studies that showed an increased risk of cancer in inbred populations, [8] [9] [10] [11] [12] by several reports identifying homozygous loci associated with cancer, 12, 13 and from experimental animal inbreeding (eg, backcrossing mice) increasing tumor incidence. Specific situations of homozygosity have also been directly associated with cancer, such as uniparental isodisomy through altered imprinting. 14 Homozygosity is common in humans and extended homozygote tracts have been described in several studies. [15] [16] [17] [18] Cancer susceptibility genes are also numerous in the genome. These facts together increase the likelihood that homozygosity might occur in the loci of cancer susceptibility genes. One can then hypothesize that germline homozygosity at these loci may somehow contribute to cancer predisposition. Indeed, in the case of homozygous tumor suppressor genes, recessive mutant alleles would result in an altered tumor suppressor function with no need of any additional somatic event.
In the case of dominant alleles in an oncogene, homozygosity could result in a superoncogenic effect.
Therefore, we hypothesized that germline homozygosity lends lowpenetrance susceptibility to cancer by the potential mechanism of affecting the function of numerous genes throughout the genome. We systematically addressed this hypothesis by looking at series of patients with 3 different types of solid tumors for genomic regions with increased germline homozygosity compared with controls and by exploring somatic LOH in the cancers of patients who happened to be heterozygous at these loci.
METHODS

Samples and Genomic DNA Preparation
Germline and tumor (somatic) genomic DNA was isolated using standard protocols from 385 patients with 3 types of invasive carcinomas: 147 breast, 116 prostate, and 122 head and neck squamous cell carcinomas. Patients with widely metastatic disease (TXNXM1) were excluded from the study. Tumor DNA was extracted specifically from the carcinomatous epithelium using laser capture microdissection, as previously described. 3, 4 In addition, the corresponding germline DNA for each patient was procured either from peripheral blood (n=32) or from normal tissue using a different tissue block containing only normal tissue (n=353). The use of normal tissue as a reliable source of germline DNA was validated previously. 3, 4, 6, 19 The patients were of northern and predominantly western European ancestry by self-report. Hence, controls were chosen for matched ancestry, which is important for polymorphic marker frequency analysis. The head and neck squamous cell carcinoma and breast cancer series have been previously described in detail. 3, 4, 6, 19 The study, which used anonymized unlinked samples, was approved under exempt status by the Cleveland Clinic institutional review board for human subjects protection.
Genome-wide Microsatellite Analysis
Polymerase chain reaction was performed as previously described. 3, 4 Briefly, DNA from germline and tumor was amplified using 1 of 72 multiplex primer panels of fluorescent-labeled microsatellite markers (MapPairs genome-wide Human Markers set versions 9 and 10; Invitrogen, Carlsbad, California). A total of 345 autosomal markers were common to all samples and were used for the analysis. Genotyping was performed with the ABI3700 or 3730 xl semiautomated sequencer (Applied Biosystems, Perkin-Elmer Corp, Norwalk, Connecticut). The results were analyzed by automated fluorescence detection using GeneScan collection and analysis software (Applied Biosystems).
Each marker was analyzed in genomic DNA from the germline and tumor from each patient. The germline could be scored as homozygous (single peak in the normal tissue) (FIGURE 2), heterozygous (2 peaks) (Figure 2 ), or failure (failed polymerase chain reaction). For each heterozygous marker in the germline, somatic LOH/AI in the corresponding tumor ( Figure 2 ) was scored as present when the ratio of peak heights of alleles between germline and tumor DNA was more than 1.5 or less than 0.66, and retention of heterozygosity ( Figure 2 ) was noted when the 
Partial loss of chromosome
A germline mutation in a tumor suppressor gene is inherited (first hit) on the right chromosome (A). The paired chromosome is wild-type (normal). A marker near the mutation spot that is heterozygous in the germline is shown at the top (B). When there is a partial loss of the wild-type chromosome during tumorigenesis, the loss-of-heterozygosity (LOH) scan shows only 1 remaining peak. ratio of peak heights was less than 1.5. A reaction failure was noted when the amplification reaction had failed. In most cases, the ratio of ratios was 1.8 to 2.2 or 0.5 for LOH/AI.
Statistical Analysis of Microsatellite Genotyping
All statistical analyses were performed using R version 2.4. 20 A total of 345 autosomal microsatellite markers were analyzed in germline and in tumor DNA samples from 385 patients. For each marker, the frequency of germline homozygosity was determined as the number of homozygous markers divided by the sum of heterozygous plus homozygous markers. In addition, for each marker, the frequency of LOH/AI was determined as the number of LOH/AI events divided by the sum of the LOH/AI and retention-of-heterozygosity events. For each marker, a median of 105 samples failed either in germline or in tumor because of polymerase chain reaction failures.
We observed that missing information was more abundant for markers with decreased frequency of germline homozygosity and with increased frequency of LOH in tumor. In statistical terminology, this is known as nonignorable missingness and therefore must be addressed. Toward this end, we designed a statistical procedure to estimate the heterozygosity and LOH freq u e n c i e s i n t h e o b s e r v e d a n d unobserved (due to genotype failure) data combined. That is, we estimated the true frequencies for all microsatellites as follows. First, we made initial rough estimates of genotype failure rates separately for homozygote, heterozygote, lost (LOH), and retained loci. Such Four examples from genotyping output from 2 patient samples. Each of the top or bottom panel shows the genotyping readout from germline DNA (top) and somatic tumor DNA (bottom). The bottom vertical pairs are enlargements of the top panel genotyping readout, which show microsatellite markers that have retained heterozygosity (ATA5A09, bottom left) and that have undergone loss of heterozygosity (D5S1462 and D3S1763, bottom-right 2 panels). Marker D8S1179 is homozygous in the germline. Note that because the tumor cells were procured by laser capture microdissection, virtually all scoring of loss of heterozygesity and retention of heterozygosity is very clear.
estimates automatically imply, via standard conditional probability, heterozygosity and LOH frequencies for each microsatellite. These individual microsatellite estimates in turn can be used to provide more accurate estimates of the genotype failure rates. This procedure is iterated repeatedly until all estimates converge to optimal solutions (mathematical details available at http: //www.lerner.ccf.org/gmi/igac). In cancer type-specific investigations such as this, and to minimize ascertainment bias, germline homozygosity frequencies were not determined for markers with fewer than 5 informative patients (2 markers in patients with prostate cancer). Similarly, we did not calculate LOH/AI frequencies for any markers with fewer than 5 informative tumors (1 marker in head and neck squamous cell carcinomas and 4 markers in the prostate cancers, including the 2 germline failures). We chose 5 as a reasonable cutoff under which computing a frequency is not reliable from our experience. For each marker, the frequency of germline homozygosity was compared with the binomial distribution using a reference germline homozygosity frequency as the null homozygosity probability. The number of homozygotes for a marker was determined as the product of the corrected germline homozygosity frequency for this marker and the number of informative patients. The reference frequencies for a western European-ancestry population were provided for each marker by the Cooperative Human Linkage Center (Marshfield, Wisconsin). These are ancestry-matched controls because our cases are white individuals of western European ancestry. Similarly, LOH/AI frequencies were compared for each marker with the binomial distribution using the average LOH/AI frequencies of the markers on the same chromosome as the null LOH/AI probability. The number of LOH/AI events for a marker was determined as detailed earlier. For testing for both germline homozygosity frequencies and LOH/AI frequencies, a 1-sided exact binomial test was used (R function pbinom, lower.tail=FALSE), and P values were adjusted for multiple-testing false discovery rate over the 345 markers (R function p.adjust, method = "FDR").
Adjusted P values less than .05 were considered significant. The overall relationship between germline homozygosity frequency and somatic LOH/AI frequency across all markers was measured by the Pearson correlation test (R function cor.test).
Validation With Single-Nucleotide Polymorphism Microarray Data
A publicly available data set of paired germline and somatic DNA from 205 non-small cell lung carcinomas, which had been subjected to genome-wide single-nucleotide polymorphism (SNP) genotyping with the 250K SNP Chip (Affymetrix, Santa Clara, California), 21 was used to validate our microsatellite data. All 205 samples came from individuals of European ancestry, confirmed with their SNP genotypes in comparison with the HapMap 3 populations using the program Structure (http: //pritch.bsd.uchicago.edu/software .html). Both cases and controls were of similar SNP-based ancestry. For each patient, both a tumor sample (fresh/flash frozen) and a normal tissue sample (peripheral blood leukocytes and fresh/ flash frozen normal lung tissue) were available. This data set did not have nonignorable missingness. Loss of heterozygosity was identified using dChipSNP. 22 dChipSNP was applied to the tumor and germline genotypes using the paired analysis setting. All other parameters were set to default values.
For each SNP, the frequency of homozygosity in the germline was obtained by dividing the number of homozygous genotypes, AA and BB, by the total number of genotypes, AA, AB, and BB (ie, homozygous and heterozygous genotypes), in the germline. The frequency of homozygosity was considered for the SNPs within 100 kilobase (kb) of the 12 microsatellite markers shown to have increased homozygosity in cancer patients (the remaining 4 regions could not be assessed because the relationship of SNPs to these markers remain imprecisely mapped). The frequency of homozygosity in the germline of patients with lung cancer was compared with that of HapMap controls of European ancestry using the distribution function of the binomial distribution, considering 1-sided P values (R function pbinom). These exact binomial test P values were adjusted by false discovery rate (R function FDR).
For each SNP, the frequency of LOH in the lung cancer samples was determined as the proportion of SNPs with somatic LOH. Correlations between the frequency of homozygosity in the germline and the frequency of LOH in tumors at each SNP were performed using the Pearson correlation test (cor.test in R). For that correlation, frequency of germline homozygosity was determined among SNPs that did not show LOH in tumors, and the frequency of LOH in tumors was determined among SNPs that were germline heterozygous. To take into consideration the low frequency of LOH when using SNPs (mean, 1.7%/SNP), frequencies were computed only for SNPs with at least 100 informative samples.
RESULTS
We explored germline homozygosity by using 345 autosomal microsatellite markers in 385 patients with 3 different types of invasive carcinomas. These markers were selected for their high heterozygosity index and their regular spacing throughout the genome. 23, 24 In the first instance, a frequency of germline homozygosity was determined at each marker (or locus) in the overall (merged) set comprising all 3 groups of patients who had breast, prostate, or head and neck squamous cell carcinomas. This yielded 114 loci with increased frequencies of germline homozygosity compared with those of ancestry-matched controls (adjusted P values Ͻ.05 to Ͻ.001).
We then looked at each group of patients with each cancer type (FIGURE 3) . We identified 83 loci in head and neck squamous cell carcinoma, 56 loci in prostate cancer cases, and 26 loci in breast cancer cases with statistically significantly higher frequencies of germline homozygosity compared with those of ancestry-matched controls in each group of patients (adjusted P values Ͻ.05 to Ͻ.001) (Figure 3) .
Among the 345 loci studied, 120 loci had higher-than-predicted frequencies of homozygosity in patients with head and neck squamous cell carcinoma, 69 loci in patients with prostate cancer, and 27 loci in patients with breast cancer (Figure 3) . Sixteen of these loci were in common among the 3 groups of patients with the 3 cancer types (TABLE 1) . Copy number variations are numerous throughout the genome 25 and can potentially generate chromosomal regions with a single copy of DNA (hemizygous). To explore whether these 16 loci could be hemizygous due to copy number variations, we screened the Database for Genomic Variants (http://projects.tcag.ca/variation /project.html) to identify whether any of these 16 loci identified to have high germline homozygosity frequencies lie within known regions with copy number variations. Only 1 of the 16 loci, D11S1993, is included in such a copy number variation region. As a compari- 
Prostate carcinoma
For each microsatellite marker, the germline homozygosity frequency in 3 cancer types (head and neck squamous cell carcinoma, prostate carcinoma, and breast carcinoma) was compared with the reference homozygosity frequency. A binomial test was used and P values were adjusted by false discovery rate. The −log 10 P value of the comparison is plotted vs the physical position, with the 22 autosomes represented. The dashed line represents the .05 significance limit. In red are loci with increased homozygosity common to all 3 cancer types.
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©2008 American Medical Association. All rights reserved. son, among the entire genome-wide set of 345 markers used in this study, 20 are in copy number variation regions, which is proportionally similar (binomial test; P=.70). In summary, these data show that germline homozygosity at specific markers is more frequent in cancer patients.
We then analyzed the frequency of somatic events occurring at these 16 loci by looking at the frequency of somatic LOH/AI in heterozygote patients. The mean (SD) LOH/AI frequency at the 16 loci in the 3 cancer types was 58% (4.2%) (range, 48%-65%). As a comparison, we selected 197 microsatellite markers that were not found to have an increased frequency of germline homozygosity in patients with any of the 3 cancer types compared with that of controls. The mean (SD) LOH/AI frequencies at these 197 loci was 50% (7.5%) (range, 34%-70%), which is statistically significantly lower than the mean 58% LOH/AI frequency at the 16 loci (P Ͻ .001).
Thus far, we have shown that if cancer patients are heterozygous at these 16 loci that have an increased germline homozygosity, then their corresponding tumors have a higher frequency of somatic LOH/AI at these same 16 loci. In light of this observation, we wanted to explore whether this phenomenon could be generalizable. The frequencies of homozygosity or heterozygosity among all markers is linear (and not binary). We hypothesized that if our first observation with the 16 loci was generalizable, then we would also observe that as loci have increasing frequencies of germline homozygosity, those same loci would also have increasing somatic LOH/AI frequencies in the tumors of cancer patients who happened to be heterozygous at these loci. Indeed, we found that this observation could be extended to all 345 microsatellite markers, where we identified a correlation between the frequencies of germline homozygosity and the frequencies of somatic LOH/AI in patients who happened to be heterozygous at the same loci (r=0.46, 95% confidence interval, 0.37-0.53, PϽ.001) (FIGURE 4) .
Thus far, we have shown that for loci with increased germline homozygosity among all cancer patients, these same loci that happened to be germline heterozygous in some cancer patients also have an increased LOH/AI frequency in their corresponding tumors (Figure 4 ). Furthermore, we have shown that this observation can be generalizable; ie, the more frequent the homozygosity at any given locus, the more LOH/AI can be found at those loci in the tumors of cancer patients that happened to be heterozygous in the germline (Figure 4) . To further corroborate this generalized association, we first determined the loci with the highest frequency of somatic LOH/AI events across all the 3 types of cancers. After identifying these "hot-spot" LOH/AI loci, we then determined whether these loci also exhibited (relatively) high frequencies of homozygosity across the germlines of cancer patients. First, loci with high LOH/AI frequencies were identified for each chromosome. Then a list of markers was tabulated that represented those with a significant elevation of both germline homozygosity and LOH/AI frequencies for the entire cohort and for each specific cancer type (TABLE 2). A total of 22 hot spots were identified, including 21 common to the entire series, 1 in the head and neck squamous cell carcinoma group, 4 in the prostate cancer group, and 0 in the breast cancer group. All 22 of the "overall" hot-spot loci (Table 2) are also found among the regions initially identified as having increased homozygosity frequencies. Again, only 1 of these 22 hot spots (D16S2621) is included in a copy number variation region.
To independently validate our observations, we used an existing published data set comprising SNP genotypes of paired germline and tumor DNA from 205 white patients with lung carcinoma. This publicly available data set provided us with a different solid tumor, which happens to be the most common solid tumor in men, assessed with a different genotyping technique. The frequencies of homozygosity were compared with HapMap data, and at least 1 SNP (range, 1-16) in each of the 11 of the 12 previously noted evaluable "highly homozygous" regions was found to be significantly more homozygous in lung cancer cases compared with controls (PϽ.05 to P Ͻ .001) (eTable, available online at http://www.jama.com). Thus, we were able to independently replicate our observations of increased germline homozygosity at specific markers in the original 3 solid tumor types. We then used the lung cancer SNP data set to validate our previously noted association between frequency of germline homozygosity and that of somatic LOH. Con- Abbreviations: HNSCC, head and neck squamous cell carcinoma; kb, kilobase; LOH/AI, loss of heterozygosity/allelic imbalance. a Note adjusted P values Ͻ.05 are considered significantly elevated homozygosity frequencies or somatic LOH/AI frequencies. Comparisons of germline homozygosity were against controls. Comparisons of LOH frequencies were against an internal mean for each tumor type. b Adjusted P values of significantly elevated germline homozygosity frequency and somatic LOH/AI frequency are provided across the whole data set (All) and for individual cancer types.
firming our data in breast, prostate, and head and neck carcinomas, we found a direct correlation between LOH frequencies and those of germline homozygosity at the corresponding SNPs in the germline that happens to be heterozygous (r=0.21, 95% confidence interval, 0.18-0.24, PϽ.001).
COMMENT
Our data suggest that there are specific common loci that are prone to homozygosity in the germline of individuals with breast, prostate, and head and neck squamous cell carcinomas. Importantly, we were able to independently validate our observations in a different type of solid tumor, lung carcinoma, by showing an increased frequency of germline homozygosity in cancer cases compared with ancestry-matched controls. It is of interest to note that the most frequently homozygous SNPs were, for the most part, in proximity to the original microsatellites found to be "most homozygous" in the other 3 solid tumors (eTable). We were also able to confirm the correlation between germline homozygosity and increased somatic LOH at the same marker when the latter's germline happens to be heterozygous.
There are at least 2 hypotheses to explain the increased germline homozygosity in cancer cases compared with controls. First, random mating would generate random homozygosity, and when this homozygosity occurs at enough loci harboring genes relevant to cancer with pathogenic alleles, cancer risk is increased. This could explain the increased homozygosity at specific loci we observed in cancer patients compared to controls. If this were true, then we would expect that homozygosity would favor the frequent alleles. However, this cannot explain the high somatic LOH/AI frequencies observed at these same loci when the germline happens to be heterozygous. Therefore, an alternative hypothesis has to be considered.
Increased germline homozygosity may be postulated to occur at common fragile sites, which are specific loci with increased sensitivity to DNA damage. 26 Common fragile sites, which are scattered across the genome, should be distinguished from "rare" fragile sites, which are also sensitive to DNA damage, because the latter harbor expanded tandem nucleotide repeats that common sites do not have. Hence, the common fragile sites would be good candidate loci to have high frequencies of germline homozygosity in cancer patients and high LOH/AI frequencies in tumors, because they are prone to both homologous recombination as a mechanism of DNA repair after doublestrand breaks 27 and to rearrangements in tumors, including LOH/AI. 26 Remarkably, 1 hot-spot marker we identified (D8S1128) is approximately 250 kb from a common fragile site (MYC). Two additional hot spots (D16S2621 and GATA178F11) are 250 kb from 2 rare fragile sites (HDL2 and TYMS) related to triplet nucleotide repeats. However, for these rare fragile sites, the link with somatic LOH/AI is not well established. Nonetheless, our current data may contribute to this link given that our data derive from microsatellite markers, which comprise nucleotide repeats of various repeat lengths. It would, therefore, be rather interesting to distinguish the precise mechanisms of the association of germline homozygosity and cancer susceptibility as well as its link to increased LOH when the germline happens to be heterozygous.
Some may be surprised that the markers associated with traditional high-penetrance susceptibility genes are not prominent among our highly homozygous list. Currently, there are no high-penetrance susceptibility genes for prostate, lung, or head and neck carcinomas. If we focused on the group of patients with breast cancers, we did not see the regions associated with highpenetrance inherited breast cancer syndromes, namely, BRCA1 (17q12), BRCA2 (13q14), PTEN (10q23.3), or TP53 (17p13-p15) ( Table 1) . This nonassociation may contribute to our overall hypothesis that regions of germline homozygosity could represent lowpenetrance factors predisposing to carcinoma, at least to these 3 cancer types. In contrast, there are at least 3 SNPs identified and replicated as associated with breast cancer cases 28, 29 that are also found in our regions of high germline homozygosity in our patients with breast cancer, namely, 10q26 (SNP in proximity to FGFR2), 5q1-3 (MAP3K1), and 11p15.5 (LSP1).
Similarly, SNPs representing several different loci in the 8q24 region have been shown and validated to be associated with prostate cancer cases, 30, 31 and this 8q24 region is also well represented among our loci with high frequencies of germline homozygosity in our prostate cancer cases. Interestingly, and consistent with our present observations, this 8q24 region also harbors SNPs associated with colorectal and other cancers, 32, 33 perhaps suggesting a more general cancer susceptibility allele or alleles in this region. Our current data reveal several distinct markers in 8q24 with high frequencies of germline homozygosity and LOH for each tumor group as well as in the overall merged series of all patients with these breast, prostate, and head and neck cancers ( Table 2) .
Cancer susceptibility loci are currently sought by association studies, whereas somatic alterations are most often identified separately. The recent availability of high-density arrays considerably increased the resolution of these studies. 28, 29, [31] [32] [33] [34] However, currently, somatic and germline cancer genetics are 2 separate fields. In fact, from germline inheritance of a predisposing allele to cancer development is still somewhat of a mechanistic "black box." Our observations link the somatic and germline cancer genetic fields. Our observations are also consistent with cancer as a complex genetic trait if we consider that carcinogenesis occurs when a minimal number of somatic events are required for a cell to become malignant. Continuing this concept, therefore, germline homozygosity at specific loci represents a low penetrance but common etiology for cancer and serves as a parallel but equivalent pathway to accumulation of somatic LOH.
CONCLUSIONS
Our data derived from 3 different solid tumors, validated in a fourth, demonstrate that high frequencies of germline homozygosity at specific markers are associated with these cancers compared with controls and that at the genome-wide level, there is a direct relationship between frequencies of germline homozygosity and somatic LOH if the germline is heterozygous. This represents, to our knowledge, the first such observation, and although the total number of cancer cases nears 600, the sample size per solid tumor type is still relatively small (116-205). Therefore, our observations here should be validated in these solid tumors and explored in other malignancies. If our data can be robustly replicated independently, then germline homozygosity at specific loci as low-penetrance alleles predisposing to carcinomas could be taken into account in future cancer risk assessments and management beyond high-penetrance cancer susceptibility genes. Additionally, with further studies and fine structure analyses, it may be possible to use such data to predict the likelihood of LOH in a tumor at specific genomic loci if we knew the relative frequencies of germline homozygosity/heterozygosity at those same loci.
